Titanium trialuminide coating on L1 0 -type titanium aluminide alloys represents a valuable mean to improve oxidation resistance. Selection of L1 2 -type titanium trialuminide alloys containing Mn as a coating material is particularly attractive because of its good ductility at room temperature and good oxidation resistance at high temperature of 1273 K. However, stability of the coated titanium trialuminide at high temperature and adhesion to the substrate are not established. Two kinds of diffusion couples composed of L1 0 and L1 2 single phase alloys with or without vanadium were applied to diffusion experiments in a temperature range of 1273-1473 K for 2.5-20 h. During the diffusion process, L1 0 and L1 2 phases coexisted without any inter-phase, irrespective of diffusion temperature and vanadium addition. The diffusion couples composed of the alloys without vanadium exhibited cracked region at the interface between the L1 0 and L1 2 phases, while the diffusion couples composed of the alloys with vanadium exhibited no cracked region. The L1 2 -type alloy with vanadium was shown to be an appropriate coating material on the L1 0 alloy.
Introduction
Intermetallic compound TiAl-based alloys are candidate for high-temperature structural materials. However, their poor oxidation resistance at temperatures above 1073 K limits the range of fields in which they can be applied. Therefore, many attempts have been made to improve the oxidation resistance of these alloys by either adding elements or forming a protective layer. [1] [2] [3] [4] [5] Recently, L1 2 type titanium trialuminide of (AlCr) 3 Ti were applied as a protective layer on TiAl alloys with Cr. This protective layer exhibited good oxidation resistance at 1473 K. 6) However, the tensile property of (AlCr) 3 Ti as the protective layer is not so good that an impact with a hard material would crack the layer, when the thickness of the layer exceeds 20 µm. 7) Recently, the present authors have shown that L1 2 type titanium trialuminide of (Al, Mn) 3 Ti, with the addition of a small amount of vanadium, exhibited good tensile ductility at ambient temperature. 7) Yoshioka and Oohashi have shown that the trialuminide of (Al, Mn) 3 Ti exhibited the same level of oxidation resistance at 1273 K as DO 22 type titanium trialuminide of Al 3 Ti. 8) The present study examines following three points: the first is whether or not the L1 0 phase and L1 2 phase with V coexist, the second is whether the composition gradient forming at the interface between the two phases exhibits good stability in the high-temperature range of 1273-1473 K, and the third is whether the interface shows good mechanical properties at ambient temperature. * 
Experimental
L1 0 type titanium aluminides and L1 2 type titanium trialuminides were prepared by non-consumable electrode arc melting under an argon atmosphere, using 99.8 mass%Ti, 99.99 mass%Al, 99.9 mass%Mn, and as an alloying element, 99.9 mass%V. The compositions of the alloys were Ti-50%Al(mol%), Ti-49%Al-1%Mn-1%V, Al25%Ti-10%Mn, and Al-24.8%Ti-13.1%Mn-2%V. The alloy button ingots were then homogenized at 1273 K for 24 h in vacuum. After rectangular specimens (3 mm-8 mm-15 mm) were cut from each ingot using an electro-discharge machine, the specimen surface was polished using emery paper #1000. The specimens prepared from two kinds of alloys for diffusion couple were inserted into a specimen holder so as to fix two specimen surfaces tightly. The diffusion couples were heat-treated in a temperature range of 1273-1473 K in vacuum of 10 −4 Pa for 2.5-20 h. After the diffusion couples were molded into epoxy resin, the couples were bisected with a blade cutter in the direction normal to the contacted surface. After polishing, the bisected surface of the diffusion couple was analyzed with an optical microscope and an electron probe micro-analyzer. The hardness change of the surface with distance from the interface was measured by a microhardness tester with a load of 0.49 N.
Results and Discussion
After etched by an aqueous solution of about 15%HF and 10%HCl, the bisected surface of the diffusion couple of TiAl+1Mn+1V and (Al, Mn) 3 Ti+2V as well as that of TiAl and (Al, Mn) 3 phase. In the central part of Fig. 1(b) , the black line indicates a cracked region, which was observed in almost all of the diffusion couples of TiAl and (Al, Mn) 3 Ti, except for one that was heat-treated at 1473 K for 10 h. However, the diffusion couple of TiAl + 1Mn + 1V and (Al, Mn) 3 Ti + 2V exhibits no cracked regions and show tightly bonded interfaces at original contact surfaces. SEM observation of the cracked regions in the TiAl and (Al, Mn) 3 Ti diffusion couple was performed. Figures 2(a) and (b) show secondary and backscattered electron images of the observation, respectively. The left-side region with a large number of pores is the L1 2 phase, and the other side is the L1 0 phase. Vertical lines with dark contrast at the middle area in Figs. 2(a) and (b) show a cracked region formed at near the interface between the L1 2 and L1 0 phases. As shown in Fig. 2(b) , the cracked region exhibits extremely irregular contours. This feature suggests that the cracked region is not a simple crack arising from the difference in thermal expansion between the L1 0 and L1 2 phases during the cooling process of the diffusion couple, because the irregular contour may be formed by several cracking processes. Therefore, it is natural to attribute to the blade cutter during bisection. Contrast change due to composition change can't be detected near the cracked region, as shown in Fig. 2(b) . This suggests that there is no other phase between the L1 0 and L1 2 phases.
Figures 3(a) and (b) show the composition profiles near the interfaces of diffusion couples TiAl and (Al, Mn) 3 Ti, and TiAl + 1Mn + 1V and (Al, Mn) 3 Ti + 2V, respectively. As shown in Fig. 3(a) , the cracked region of 45-50 µm in width is observed in the two graphs. Nevertheless, all of the graphs in Fig. 3 exhibit the similar change of composition profiles with diffusion time irrespective of whether the cracked region is formed or not. Furthermore, the profile changes are not so large that the profiles are similar regardless of diffusion time and alloy compositions. Therefore, the composition changes can be considered to progress in a steady state of the diffusion process. In addition, the composition profiles in Fig. 3 (a) support the interpretation described in Fig. 2 that the cracked region between the L1 0 and L1 2 phases was formed after bisecting of the diffusion couple. This is because the composition changes of the profiles with a cracked region is similar to that of the profiles with no cracked region. Then it can be considered that the cracked region was not formed during the heat treatment. As discussed in Fig. 2 , the cracked region was not formed during the cooling process of the diffusion couple, then it can be concluded that the cracked region was formed after bisecting the diffusion couple.
On the other hand, in Fig. 3(b) , the contents of Ti and Mn exhibit a step-wise change at the interface, while the contents of Al and V change rather continuously with the distance from the L1 0 to L1 2 phases. The composition profiles indicate, respectively, that the steady-state contents of Ti and Mn are very different, and that of Al and V are similar on each side of the interface. Figure 4 shows the regions of the L1 0 and L1 2 phases in a Al-Ti-Mn ternary system at 1273 K. 9) In the diagram, solid circles are compositions of an L1 0 phase alloy with 1%V and an L1 2 phase alloy with 2%V, respectively. That is, the compositions are projected from an Al-Ti-Mn-V quaternary sys- 1  275  312  274  241  1  290  213  213  190  2  295  298  253  258  2  290  234  202  197  3  288  266  271  273  3  296  253  210  200  4  286  261  245  269  4  307  219  206  189  5  297  297  262  275  5  297  242 1  227  202  188  188  1  261  237  207  193  2  220  199  189  186  2  272  258  213  184  3  209  224  187  196  3  222  216  219  177  4  207  201  183  194  4  254  229  218  167  5  240  223  188  184  5  259  252  222 tem to an Al-Ti-Mn ternary system. Open squares, triangles, and circles show the interface composition in the diffusion couples heat-treated for 20 h at 1273 and 1373 K, and for 10 h at 1473 K, respectively. These compositions were roughly aligned between the compositions of the alloys used. The result may suggest that the L1 0 and L1 2 phases region extend to these compositions with increasing temperature from 1273 K in an Al-Ti-Mn-V quaternary system. The hardness measurements in the diffusion area 30 µm from the interfaces and in the matrix 200 µm from the interface are summarized in Table 1 . In Table 1 , the notations of 102 and 100 refer to the diffusion couples composed of L1 0 -TiAl and L1 2 -(Al, Mn) 3 Ti alloys with and without V, respectively. The termed 100-1373 K-20 h in Table 1 is a representative of the diffusion couples which exhibited the cracked region. Only the diffusion couple termed 100-1473 K-10 h exhibited no cracked region among the series of 100 diffusion couples. In comparison with hardness of the 100-1373 K-20 h and 100-1473 K-10 h couples, the hardness of both the L1 0 and L1 2 phases becomes lower with higher diffusion temperatures, while the hardness of the L1 0 phase near the interface shows a similar value regardless of temperature and that of the L1 2 phase is clearly lower at higher temperatures. These results suggest that the hardness of the L1 2 phase near the interface correlates to the cracked region. On the other hand, the hardness of the series of 102 diffusion couples exhibits no change with diffusion temperature, while the hardness is lower than that in the series of 100 diffusion couples. From these results, it may be concluded that the formation of a cracked region is controlled by the hardness of the L1 2 phase near the interface. That is, the brittleness of the L1 2 phase may cause cracking when some force acts on the interface between the L1 0 and L1 2 phases.
On the other hand, the interface between the L1 0 and L1 2 phases with V shows no cracked region and no other phase. The fact suggests that the L1 2 phases with V will be appropriate for a coating material on TiAl based alloys.
Summary
Diffusion couples composed of L1 0 TiAl and L1 2 (Al, Mn) 3 Ti alloys with or without V were heat-treated in the temperature range of 1273-1473 K for 2.5-20 h. After the heat treatment EPMA analysis and micro-hardness measurement were performed. The following results were obtained: Only two phases of L1 0 -TiAl and L1 2 -(Al, Mn) 3 Ti were observed during the diffusion process, regardless of V content. However, almost all of the diffusion couples composed of the L1 0 TiAl and L1 2 (Al, Mn) 3 Ti alloy without V exhibit a cracked region near the contact interface, except for the 1473 K-10 h diffusion couple. The diffusion couples composed of the L1 0 TiAl and L1 2 (Al, Mn) 3 Ti alloy with V exhibit no cracked region. Micro-hardness testing suggests that the formation of a cracked region correlates with the hardness of the L1 2 phase near the interface between the L1 0 TiAl and L1 2 (Al, Mn) 3 Ti phases.
